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A Poxvirus-Encoded Semaphorin Induces
Cytokine Production from Monocytes and Binds
to a Novel Cellular Semaphorin Receptor, VESPR
can be used to initiate studies of host immune regula-
tion, ultimately identifying both phyletic cellular factors
and their counterstructures. Examples of this approach
include the molecular cloning of the interleukin-17 (IL-
17) receptor (Yao et al., 1995) and the leukocyte immu-
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typic members of this family are involved in neuronal
development and include the membrane-bound Sema
I/fasciclin IV protein of grasshoppers (Kolodkin et al.,Summary
1992), whose function includes guidance of sensory
growth cones, and the soluble Sema III/collapsin I pro-The vaccinia virus A39R protein is a member of the
tein of chickens, also involved in growth cone guidancesemaphorin family. A39R.Fc protein was used to affin-
during development (Luo et al., 1993). Another member
ity purify an A39R receptor from a human B cell line.
of this family is AHVsema (Ensser and Fleckenstein,
Tandem mass spectrometry of receptor peptidesyielded
1995), which is encoded by alcelaphine herpesvirus type
partial amino acid sequences that allowed the identifi-
1 (AHV), the causative agent of malignant catarrhal fever
cation of corresponding cDNA clones. Sequence anal- in ruminants. The pathology associated with infection
ysis of this receptor indicated that it is a novel member by either VV or AHV (skin lesions at the site of inoculation
of the plexin family and identified a semaphorin-like followed by secondary virus replication in lymphoid or-
domain within this family, thus suggesting an evolu- gans in the case of VV, and leukopenia and generalized
tionary relationship between receptor and ligand. A39R lymphadenopathy in the case of AHV), suggested that
up-regulated ICAM-1 on, and induced cytokine pro- the viral semaphorin proteins interact with the host im-
duction from, human monocytes. These data, then, mune system rather than its nervous system.
describe a receptor for an immunologically active To determine a potential immune modulating role for
semaphorin and suggest that it may serve as a proto- A39R, a recombinant chimeric A39R.Fc protein was ex-
type for other plexin±semaphorin binding pairs. pressed from mammalian cells and used to affinity purify
a human A39R receptor on cells of lymphoid origin.
Introduction Tandem mass spectrometry of purified receptor peptides
was performed, ultimately allowing the identification of
The sophisticated interaction between viruses and their overlapping cDNA clones containing the complete cod-
hosts has been the focus of much research for the past ing region of the A39R receptor. This virus-encoded
several years. Virtually every DNA virus studied encodes semaphorin protein receptor (VESPR) isa novel, approx-
viral proteins that interface directlywith thehost immune imately 200 kDa, transmembrane glycoprotein that is a
system ina manner that facilitates the infectious process member of the plexin family of molecules, homologues
or supports viral transmission. Many of these viral im- of which have been isolated from Xenopus, mouse, and
mune modulators have significant homology with mam- human tissues (Ohta et al., 1995; Satoda et al., 1995;
malian genes, suggesting they are of cellular origin (re- Muller et al., 1996). No ligands have yet been described
viewed by Spriggs, 1996). Such viral proteins therefore for the plexins. In this article, data are presented that
indicate that VESPR binds to recombinant A39R and
AHVsema proteins. Dataalso are presented that indicate7 Current address: Coulter Pharmaceuticals, Palo Alto, California
that A39R exhibits biological activity on human mono-94306.
cytes, strongly suggesting that this viral protein can8 To whom correspondence should be addressed (e-mail: spriggs@
immunex.com). function as an immune modulator during virus infection.
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Results
Identification of Secreted A39R Protein
CV-1 monolayers were infected with VV (Lister strain)
and fed with serum-free medium. Approximately 48 hr
after infection, cell supernatants were analyzed by two-
dimensional gel electrophoresis, and a protein of ap-
proximately 55 kDa with a pI of 10 was observed in
infected cell medium, but not in uninfected medium
(data not shown). The N-terminal sequence of this pro-
tein was determined by Edman degradation, and 10
contiguous residues were compared to all predicted
open reading frames longer than 100 amino acids en-
coded by the VV genome (Goebel et al., 1990). A 100%
match was found between the sequence derived from
the observed 55 kDa protein and residues 15±24 of the
VV A39R predicted protein. These amino acids occur
just downstream of a putative signal cleavage site, sug-
gesting that they represent the N-terminus of a mature,
secreted protein.
Construction of Recombinant Viral
Semaphorin Proteins
Oligonucleotide primers were designed to amplify by
polymerase chain reaction (PCR) a fragment of the A39R
gene containing the mature portion of the protein, and
the resulting product was used to construct a chimeric
gene containing a portion of the heavy chain of human
immunoglobulin G1 (IgG1) upstream of the A39R coding
sequence (A39R.Fc). Similarly, a chimeric version of the
AHV-derived sema gene (AHVsema.Fc) was created.
Flow cytometric analyses identified an Epstein-Barr vi-
rus (EBV)±transformed human cord blood B cell line,
CB23 (Benjamin and Dower, 1990), that exhibited signifi-
cant binding of A39R.Fc and AHVsema.Fc (Figures 1A Figure 1. A39R and AHVsema Bind to the Same Receptor on CB23
and 1D). Binding of both could be inhibited by using a Cells
100-fold molar excess of a non-Fc form of recombinant Flow cytometric analysis of CB23 cells was performed using 100
A39R (Figures 1B and 1E), whose C-terminus contains ng/ml A39R.Fc (thick lines, A±C) or 5 mg/ml AHVsema.Fc (thick lines,
D±F). The binding of the Fc proteins was measured in the presencea [His]6 tag, termed A39Rpolyhis (A39R.ph), but not by
of a 100-fold molar excess of A39R.ph (B and E) or a 100-fold molara heterologous polyhis-containing protein (Figures 1C
excess of a heterologous polyhis-containing protein (IL-17.ph; Cand 1F). These data indicate that A39R.Fc, A39R.ph, and
and F). The binding of a heterologous Fc control protein is shown
AHVsema.Fc recognition of CB23 cells occurs through a by the thin line in all panels.
shared receptor.
Isolation and Molecular Cloning of VESPR To characterize the A39R receptor at the molecular
level, membranes prepared from CB23 cells were sub-from CB23 Cells
The receptor for A39R expressed on CB23 cells was jected to affinity purification, and purified protein was
analyzed by polyacrylamide gel electrophoresis (PAGE).visualized by cell surface iodination (Cosman et al.,
1986) and immunoprecipitation using A39R.Fc. A single This procedure yielded a prominent protein bandslightly
smaller than the 220 kDa marker (data not shown), simi-band that migrated slightly faster than the myosin marker
(approximately 220 kDa) was visible in samples that had lar to that seen when CB23 cells were surface labeled
and immunoprecipitated (Figure 2A). This band was ex-been precipitated with A39R.Fc (Figure 2A, lane a) but
not in samples precipitated with a heterologous Fc-con- cised from the gel, treated with trypsin, and the resulting
peptides analyzed by tandem mass spectrometry ortaining protein (lane d). In parallel, precipitates isolated
in this manner were digested with N-glycanase, an en- N-terminal sequencing or both. Peptide sequences ob-
tained in this fashion that were greater than 10 aminozyme that removes N-linked carbohydrate residues. This
treatment resulted in a protein that was significantly acids in length were used to search public databases.
No exact matches were found between the deducedsmaller (Figure 2A, lane c) than the mock-digested con-
trol (lane b); however, the deglycosylated protein still peptide sequences and a nonredundant protein data-
base. However, a 100% match was found betweenmigrated well above the 148 kDa standard, indicating
that although this receptor contains N-linked sugars, it amino acids 420±428 of the sequence shown in Figure 3,
and the predicted amino acid sequence of an expressedlikely possesses a large polypeptide backbone.
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Primers were designed from the EST nucleotide se-
quence in the regions encoding the deduced amino
acids and were used with PCR techniques to amplify
specific DNA fragments from cDNA libraries derived
from various cell sources. In this way, a human foreskin
fibroblast library was identified as containing vespr
cDNAs. Overlapping vespr-containing cDNA clones were
isolated from this library by hybridization. The nucleotide
sequence for the complete coding region of vespr was
determined and was verified by sequencing at least two
separately isolated cDNAs throughout. That this gene
encodes a protein capable of binding to A39R was con-
firmed by transfection of a single cDNA containing a
truncated versionof vespr that included the extracellular
Figure 2. Viral Semaphorins Bind to a 200 kDa Glycoprotein on
and transmembrane domains and a portion of the intra-CB23 Cells, and to Cells Transfected with vespr cDNA
cellular domain into CV1/EBNA cells; subsequent addi-(A) CB23 cells were surface radiolabeled and lysates immunoprecip-
tion of A39R.Fc, AHVsema.Fc, or a heterologous Fc-itated using A39R.Fc (lanes a±c) or a control Fc protein (lane d).
containing protein; and finally detection of bound FcPrecipitates were resolved by SDS-PAGE on 6% gels under reduc-
ing conditions and visualized by autoradiography. Parallel samples proteins with an 125I-labeled anti-Fc monoclonal anti-
were digested with N-glycanase to remove N-linked carbohydrates body (mAb) as described (McMahan et al., 1991) (Figure
(lane c) or mock digested (lane b). 2B). These experiments confirmed that the vespr cDNA
(B) A cDNA containing amino acids 19±1100 of vespr, in which amino
encodes a cellular receptor capable of binding to bothacid 19 (leucine) had been mutated to an initiating codon (methionine)
A39R and AHVsema.and was transfected into CV1/EBNA cells on chambered slides. Two
The entire nucleotide sequence determined for vesprdays later, cells were bound with 1 mg/ml A39R.Fc or AHVsema.Fc
protein, followed by 125I Fc-specific mouse anti-human IgG. Cells (GenBank accession number AF030339) consists of 5121
were washed, fixed, and processed for autoradiography as de- base pairs, including 165 base pairs of 39 noncoding
scribed (Yao et al., 1996). sequence and 249 base pairs of 59 noncoding sequence.
The 59 noncoding region is GC-rich (.82%, data not
sequence tag (EST) (GenBank accession number N78220) shown), a feature that has been noted for several growth
derived from human placenta. This EST also contained factors and oncogenes (Kozak, 1992). A conceptual
sequences corresponding to amino acids 435±445 and translation of the coding region of vespr is shown in
Figure 3. VESPR is predicted to be a 1568 amino acid387±401 of the sequence in Figure 3.
Figure 3. Amino Acid Sequence and Struc-
ture of VESPR
Computer-assisted sequence analysis pre-
dicts a signal peptide cleavage site (arrow),
a transmembrane domain (bold italics), and
potential N-linked glycosylation sites (shaded).
Boxed residues represent tryptic peptides
identified by tandem mass spectrometry of
purified VESPR.
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Figure 4. Sequence Alignments of Plexin Family Members
(A) The intracellular domains of VESPR and the plexins are highly conserved. The transmembrane domain of VESPR is shown on a black
background.
(B) Shaded residues constitute regions of homology that are shared between the extracellular domain of VESPR, the plexins, and representative
semaphorins. Semaphorins included in the alignment are Sema1 (fasciclin IV), CD100, and mouse semaphorin B.
Boxed residues indicate identical amino acids.
type 1 membrane glycoprotein (there are 24 putative 1995; Maestrini et al., 1996). This family includes a mole-
N-linked glycosylation sites present in the extracellular cule originally isolated from Xenopus nervous tissue that
domain) with an unmodified molecular mass of approxi- was reported to have homotypic adhesion properties
mately 175,740. The cytoplasmic tail contains no obvi- (Ohta et al., 1995; Fujisawa et al., 1997); its mouse coun-
ous motifs that suggest mechanisms by which this re- terpart, plexin 1 (Kameyama et al., 1996a); twoadditional
ceptor may transmit signals. related mouse proteins of unknown function (mouse
plexins 2 and 3) (Kameyama et al., 1996a); and the hu-
man homologues of these mouse plexins, referred to asVESPR Sequence Comparisons
NOV, OCT, and SEX, respectively (Maestrini et al., 1996).Searches for proteins sharing sequence homology with
A representative sequence alignment between portionsVESPR were performed using the BLAST algorithm
of VESPR, mouse plexins 1 and 2, and the human SEX(Altschul et al., 1990) and the nonredundant public data-
protein (mouse plexin 3 homologue) is shown in Figurebases. The highest degree of homology was shared with
a family of proteins referred to as plexins (Ohta et al., 4A. As noted in previous work (Maestrini et al., 1996),
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contrast, Raji cell RNA showed no hybridization to the
VESPR probe, consistent with a lack of A39R.Fc surface
binding. Northern analysis using a similar radiolabeled
probe on commercially available blots containing total
RNA derived from human primary tissues (Figure 5B)
indicated two species of VESPR-specific mRNAs, one
that migrated just under the 9.5 kb marker (in brain, lung,
spleen, and placenta) and one that migrated near the
7.5 kb marker (in heart). Similarly, multiple large mRNA
Figure 5. Northern Blot Analysis of vespr RNA
species have been noted for several other members of
(A) Oligo(dT)±selected RNA (5 mg/lane) from the indicated cell lines
the plexin family (Kameyama et al., 1996b; Maestrini etwas electrophoresed on agarose formaldehyde gels, blotted, and
al., 1996). The exact relationship of these mRNAs to onehybridized to a 32P-labeled riboprobe that corresponded to amino
another is unclear, but it is possible that the smalleracids 355±480 of vespr.
(B) Northern blot containing total RNA from the indicated tissues message represents an alternatively spliced form. The
was hybridized as in (A). Size markers in kilobases are shown at results, however, support the idea that the expression
left. of VESPR occurs in multiple human tissues.
the intracellular portions of the plexins are strongly con- Binding Affinity and Inhibition Studies
served. In particular, the regions delineated by amino of A39R and AHVsema Proteins
acids 1065±1201and 1378±1534 of the VESPR sequence The affinity of A39R.Fc binding to CB23 cells was deter-
exhibit 44% and 54% identity, respectively, compared mined by direct binding assays and Scatchard analysis.
to the aligned sequences shown in Figure 4A. A39R.Fc was labeled with 125I as described inExperimen-
Additional sequence analysis revealed that the extra- tal Procedures, and the binding of this protein to CB23
cellular domain of VESPR, and in fact the extracellular cells was found to be of a biphasic nature. From the
domain of all of the plexin family members, contain a average of two experiments, the high-affinity portion
region of amino acid homology that is also found within showed an association constant (Ka) of 2.9 6 0.4 3
the semaphorin proteinsÐthat is, within the family of 109 M21 with about 2800 6 100 sites/cell, whereas the
proteins that contain the ligand for VESPR. This similar- measured lower affinity was 1.5 6 0.1 3 107 M21 but
ity occurs between residues 380±482 of the VESPR se- with about 18,400 6 500 sites/cell. A representative
quence (as numbered in Figure 3) and corresponds to
sample of the binding analysis is shown in Figure 6A.
the C-terminal 100 amino acid portion of the canonical
A similar analysis was performed on CV-1/EBNA cells
semaphorin domain. A partial sequence alignment of
transfected with an expression plasmid containingvespr
representative members of the plexin family and the
(Figure 6B). In contrast to CB23 cells, the binding to
semaphorin family is shown in Figure 4B. The strongest
transfected cells did not appear biphasic and showed
homology within this stretch of approximately 100 resi-
a single high-affinity Ka of 5.98 3 109 M21 (calculateddues occurs in two ªsubdomains,º defined by VESPR
average of two experiments). The lack of detectable low-
residues 388±402 and 454±482, (shaded in Figure 3B).
affinity sites on these cells compared to CB23 cells mayThis intriguing observation suggests that this region of
indicate that the CB23 cells express some other plexinthe semaphorins and plexins may have arisen from a
molecule capable of binding A39R with lower affinityshared ancestral gene.
than VESPR.
To examine the binding affinities of A39R.ph andTissue Distribution of VESPR
AHVsema.Fc, binding inhibition assays also were per-Flow cytometric analysis using A39R.Fc indicated that
formed using CB23 cells (Figure 6C). In these experi-this protein bound to a variety of primary cells, including
ments, the 125I A39R.Fc was used at a concentration thatperipheral blood T and B cells, monocytes, and dendritic
would involve primarily high-affinity binding, and varyingcells. A panel of predominantly lymphoid or myeloid
amounts of cold protein were titrated into the reactions.cell lines also was tested and most bound to A39R.Fc,
A39R.Fc exhibited an inhibition constant (Ki) of 1.5 6suggesting a broad distribution of this receptor in these
0.3 3 1010 M21, whereas the A39R.ph had a lower Ki ofcell types (data not shown). Interestingly, while many
7.1 6 2.5 3 108 M21. This difference may reflect theEBV-transformed B cell lines bound A39R.Fc, the Bur-
lower-order tertiary structure of this recombinant mono-kitt's lymphoma line, Raji, did not. To examine this differ-
meric protein relative to the oligomeric Fc version. Theence more thoroughly, Northern blot analysis of poly(A)1
Ki of AHVsema.Fc found on CB23 cells was lower stillRNA obtained from these cell lines was performed using
(3.2 6 1.2 3 107 M21), a discrepancy that may be duea radiolabeled probe derived from the extracellular por-
to species differences, insofar as the AHVsema proteintion of VESPR (Figure 5A). A single, strongly hybridizing
is derived from a virus whose natural host is a ruminant.band that migrated significantly more slowly than the
However, these data clearly indicate that both forms of28S marker was observed in CB23 cells, and a less
recombinant A39R protein bind to the receptor ex-intense butsimilarly sized band was seen in RNA derived
pressed on CB23 cells with high affinity and that thefrom the EBV-transformedcell line MP-1.This correlated
AHVsema protein binds to the same receptor but withwell with the positive but weaker binding of A39R.Fc to
MP-1 cells relative to CB23 cells (data not shown). In a lower affinity.
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to respond to A39R. Monocytes were cultured in the
presence of A39R.Fc, A39R.ph, AHVsema.Fc, or heterol-
ogous Fc- or polyhis-containing control proteins and
monitored for 24 hr. After 6±8 hr, cultures containing
these three proteinscontained large cellular aggregates,
whereas cultures containing control proteins did not
(data not shown). These experiments suggested that
the viral semaphorins might be acting on these cells to
induce cell surface activation antigens.
To address this possibility, flow cytometric analyses
using a panel of mAbs were performed on monocytes
cultured overnight in the presence of A39R. Recom-
binant A39R.ph protein was chosen for these analyses
to exclude any contribution of monocyte Fc receptor
cross-linking that might occur in the presence of Fc-
containing fusion proteins. Parallel control cultures in-
cluded untreated cells, heat-inactivated A39R.ph (a con-
trol for the presence of low amounts of endotoxin in
protein samples), A39R.ph in the presence of an excess
of the A39R blocking mAb m391, or m391 mAb alone.
Large aggregates were again noted within 8 hr in cul-
tures containing A39R.ph, but not in control cultures
(data not shown). Monocyte cell surface markers exam-
ined after overnight culture included major histocompat-
ibility class II, CD86, CD80, CD40, CD49e, CD1a, CD14,
and CD54 (intracellular adhesion molecule-1 [ICAM-1]).
No consistent change in expression of any marker was
seen in response to A39R treatment, with the exception
of CD54. In all experiments (six of six donors), CD54
expression was increased on monocytes in cultures
containing A39R.ph, compared to that seen on mono-
cytes in cultures containing heat-inactivated A39R.ph
(Figure 7A). The average mean fluorescence intensity of
CD54 expression on the A39R treated monocytes from
these six donors was 137.56 6 15.76 compared to
72.01 6 9.36 on monocytes treated with heat-inacti-
vated A39R. Monocytes from cultures containing no re-
combinant protein expressed CD54 at a level indistin-
guishable from that seen on monocytes treated with
heat-inactivated A39R (data not shown).
Because monocytes secrete several proinflammatory
Figure 6. Affinity of Binding of Viral Semaphorin Proteins to VESPR cytokines in response to injury or infection, monocyte
(A) Various concentrations of 125I-labeled A39R.Fc were incubated cultures were tested for the presence of IL-6 and IL-8
with CB23 cells (8.3 3 107 cells/ml) at 378C for 1 hr, and equilibrium after treatment with A39R.ph. IL-6 production was in-
binding determined.Data are corrected for nonspecific binding mea- duced in A39R.ph containing cultures in all donors tested
sured in the presence of a 100-fold molar excess of unlabeled
(seven of seven), but was not induced in cultures con-A39R.Fc. Inset, a Scatchard representation of specific binding re-
taining cells alone or heat-inactivated A39R.ph (Figureplotted.
7B). IL-6 production was significantly reduced, but not(B) CV-1/EBNA cells were transfected with expression plasmids
containing vespr and equilibrium binding determined as in (A). Inset, completely inhibited, in cultures containing A39R and
a Scatchard representation of specific binding replotted. m391; however, part of the IL-6 production in these
(C) Inhibition of 125I-A39R.Fc binding to CB23 cells by unlabeled cultures appears to have resulted from the addition of
A39R.Fc (squares), A39R.ph (circles), or AHVsema.Fc (triangles).
m391 alone (Figure 7B). IL-8 also was induced by A39RCB23 cells (8.3 3 107 cells/ml) were incubated with radiolabeled
in all (six of six) donors tested and was significantlyA39R.Fc (8.18 3 10210 M) and varying concentrationsof the indicated
inhibited by m391 (Figure 7C).unlabeled proteins. Incubation was for 1 hr at 378C.
A39R Exhibits Biological Activity Discussion
on Human Monocytes
Because A39R.Fc protein was shown to bind to primary The semaphorin family contains more than 20 members
that are classified into six subfamilies based on theirhuman monocytes, and because many poxviruses, in-
cluding those expressing A39R, are believed to spread predicted structure (reviewed by Keynes and Cook,
1995; Tessier-Lavigne and Goodman, 1996; Zhou et al.,systemically through infected monocytes in the host,
we examined freshly isolated monocytes for their ability 1997). They are best known for their role in neuronal
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on the surface of hematopoietic cells (Bougeret et al.,
1992; HeÂ rold et al., 1994, 1996; Hall et al., 1996), and
antibodies against CD100 affect T cell activity (Bougeret
et al., 1992; HeÂ rold et al., 1994). Interestingly, similar to
the activities reported here for A39R, transfected cells
expressing CD100 caused the aggregation of human
splenic B cells in culture but did not up-regulate CD54
(Hall et al., 1996). In addition to CD100, two other sema-
phorins have been postulated to function immunologi-
cally: they are the virally encoded proteins A39R and
AHVsema (Kolodkin et al., 1993; Ensser and Fleck-
enstein, 1995). In this article, we show that A39R and
AHVsema bind to human B cell lines and we describe
biological activities for A39R on monocytes. Although
A39R and AHVsema are derived from unrelated viruses
and share only 29% amino acid identity, they both bind
to a novel receptor (VESPR) expressed on a variety of
hematopoietic (and, likely, nonhematopoietic) cells.
Recently, a receptor (neuropilin-1) was described for
the axonal chemorepellent Sema III (He and Tessier-
Lavigne, 1997; Kolodkin et al., 1997), and a related
receptor, neuropilin-2, was shown to bind to the sema-
phorins Sema E and Sema IV (Chen et al., 1997). Al-
though the neuropilins are large transmembrane glyco-
proteins, they share no obvious sequence homology
with VESPR. However, VESPR clearly contains many of
the structural features of the plexin family of molecules.
The conservation between the cytoplasmic domain of
all plexins is pronounced and likely reflects a similarity
in the signaling strategies used by these molecules,
which are as yet undescribed. With respect to the extra-
cellular domain of VESPR, two striking observations are
noted. The first is the identification of a subdomain,
highly similar to the C-terminal 100 amino acids of the
Sema domain. This subdomain is found in all plexin
family members, and although it is not yet known if other
plexins bind semaphorins, it strongly suggests that they
might. Furthermore, the inclusion of this subdomain in
both ligand and receptor is provocative: the structural
elements that give rise to the homotypic adhesion prop-
erties described for theplexins (Ohta et al., 1995; Satoda
et al., 1995; Kameyama et al., 1996b) may be similar
to those involved in their receptor-ligand interaction.
Second, within the extracellular domain of VESPR is
another conserved cysteine-rich motif referred to as a
ªMET-related sequenceº (MRS), so named because the
MRS consensus sequence (Cys X(5±6) Cys X(2) Cys X(6±8)
Cys X(2) Cys X(5) Cys X(5±6) Cys X(12,15±16) Cys, where X isFigure 7. A39R Is Biologically Active on Monocytes
any amino acid) (Ohta et al., 1995; Maestrini et al., 1996),(A) Purified monocytes were cultured for 16 hr with 1 mg/ml A39R.ph
is also found in the oncoprotein MET (also referred to(thick line)or 1 mg/ml heat-inactivatedA39R.ph (thin line) and stained
with PE-conjugated CD54 mAb. The dotted histogram at left indi- as hepatocyte growth factor receptor) and the related
cates the staining pattern seen using a PE-conjugated isotype con- proteins RON and SEA (Maestrini et al., 1996). MET,
trol mAb. RON, and SEA are tyrosine kinase receptors, and their
(B and C) Monocytes were cultured for 16 hr with 1 mg/ml A39R.ph,
intracellular domains do not share amino acid homology1 mg/ml heat-inactivated A39R.ph, 1 mg/ml A39R.ph, and 20 mg/ml
with the plexins. However, the MRS motif appears oncemAb391, or 20 mg/ml mAb391 alone, and IL-6 (B) or IL-8 (C) then
in the extracellular domains of MET, RON, and SEA;measured in the supernatants. IL-6 levels were below the level of
three times in plexins 1 and 2, and the SEX protein; anddetectability in supernatants from untreated cells and from cells
treated with heat-inactivated A39R. twice in VESPR, suggesting some structural commonal-
ity between these two families.
The results presented in this article, then, along with
development; however, one of the semaphorins (CD100) those recently described for the interaction between the
functions immunologically. CD100 and its mouse homo- neuropilins and semaphorins, indicate that although the
semaphorins represent a structurally conserved family,logue, Sema G (Furuyama et al., 1996), are expressed
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mM NaCl [pH 7.4]). Cells were dounced, layered over a solution ofthey are diverse in their recognition of cell surface recep-
41% sucrose in homogenization buffer, and centrifuged at 25,000tors. Another layer of complexity also may exist in that
rpm at 48C for 45 min. Interphases were collected and diluted inin vitro assays have indicated that neuropilin-1 can bind
cold homogenization buffer, dounced, and centrifuged again.
semaphorins that are related but not identical to Sema Membrane pellets were combined into 20 mM Tris, 150 mM NaCl,
III (He and Tessier-Lavigne, 1997), suggesting some pro- the protease inhibitors listed above, 1% Triton X-100, and 0.1 mM
each of CaCl2, MgCl2, and MnCl2 salts (buffer A); dounced; andmiscuity in receptor±ligand interactions.
centrifuged. The supernatant was placed onto a wheat germ aggluti-The role of A39R and AHVsema in pathogenesis of
nin column, and proteins specifically bound to the column weretheir respective viral diseases is not clear. Because
then eluted with buffer A containing 0.2 M N-acetyl glucosamine.VESPR is expressed on a variety of cell types, these viral
Fractions containing protein were pooled and incubated with 100
semaphorins may exhibit pleiotropic activities during mg of A39R.Fc for 1 hr at 48C. The incubated mixture was run through
infection. The ability of A39R to elicit cytokine produc- a sepharose column to remove material that bound nonspecifically
and then passed through a 0.5 ml column of protein A/Sepharosetion from monocytes in vitro suggests that viral sema-
solid support. After washing, bound protein was eluted in 50 mMphorins may contribute to the acute inflammatory re-
citrate (pH 3.0). Fractions containing protein were combined, con-sponse seen in both poxvirus- and AHV-infected hosts.
centrated, reduced and alkylated using standard dithiothreitol andMany cytokines and cytokine receptors, such as IL-1
iodoacetamide procedures. Alkylated proteins were electropho-
and tumor necrosis factor-a, are expressed in both neu- resed on 8% gels and visualized by Coomassie-G (Sigma, St. Louis,
ral and immune cells. The data in this article, along with MO), and the approximately 200 kDa band was excised and washed
overnight in 100 mM ammonium carbonate. The gel slice was dried,those published recently for the plexins and neuropilins,
treated with trypsin for 16 hr, and the peptides extracted in 50%suggest that semaphorins and their receptors also may
acetonitrile, 5% formic acid. The peptides were lyophilized, reconsti-have a dual roles in the development and modulation
tuted in 50 ml of 0.1% trifluoroacetic acid, and fractionated by re-of both the neural and immunological systems. Further
verse-phase high-pressure liquid chromatography (RP-HPLC) on a
studies will be required to elucidate the complex interac- 500 mm inner diameter 3 25 cm capillary column packed with C-18
tions of semaphorins and their receptors and to under- reverse-phase packing. The HPLC liquid phase was an acetonitrile/
water gradient of 10% after 5 min and 85% after 105 min, andstand the role of these interactions both in the naive
peptides were detected at 215 nm. N-terminal sequence analysisand in the virus-infected host.
of peptides was performed on a 494 Procise sequencer (ABI, Foster
City, CA) according to the manufacturer's instructions.Experimental Procedures
RP-HPLC fractions were dried in a vacuum centrifuge and redis-
solved in 6 ml of 50% methanol containing 0.5% acetic acid. TwoPlasmid Constructs and Protein Production
microliters (2 ml) were loaded into nanospray tips (Protein AnalysisA cDNA encoding amino acids 15±399 of the mousepox virus Ectro-
Company, Odense, Denmark) (Wilm and Mann, 1996). Data weremelia (Moscow strain) A39R gene was amplified from viral DNA
obtained with a Finnigan TSQ700 triple-quadrupole mass spectrom-using PCR techniques and oligonucleotide primers whose se-
eter (San Jose, CA) equipped with a home-built nanospray source.quences were based on those published for VV (Goebel et al., 1990).
Mass spectra were acquired at unit resolution. For tandem massA human Fc region mutated to diminish Fc receptor recognition
spectrometry, the first quadrupole was operated at a resolution(Baum et al., 1994) was ligated into a mammalian expression vector
sufficient to pass a 3±4 Da wide window, and the third quadrupolepDC304 (Mosley et al., 1989) that contains a signal peptide and a
was operated at unit resolution. Collision gas was supplied at aFLAG octapeptide (Hopp et al., 1988). PCR-amplified A39R DNA
pressure of 4 3 1023 mmHg. Methyl esterification was performedwas then ligated downstream of the Fc moiety. A similar construct
as described (Hunt et al., 1986). Database searches were performedwas created using a cDNA encoding amino acids 70±653 of the AHV
using the Sequest program (Eng et al., 1994).type 1 sema gene (strain WCII) (Plowright et al., 1960). The A39R.ph
construct DNA contains amino acids 1±399 of A39R and a Gly-Ser-
[His]6 termination codon subcloned into the mammalian expression Tissue Distribution Studies
vector pDC409 (Giri et al., 1994). For protein production, plasmids Northern blot analysis was performed using oligo-dT±purified RNA
were transfected into CV1/EBNA or COS-1 cells (McMahan et al., (5 mg/lane) on 1.2% agarose formaldehyde gels (Sambrook et al.,
1991) and Fc proteins were purified from supernatants on protein-A 1989). Multiple-tissue Northern blots containing total RNA were pur-
Sepharose (Pharmacia, Piscataway, NJ). Polyhis-containing pro- chased from BioChain Institute (San Leandro, CA). Blots were hy-
teins were purified from transfected cell supernatants essentially bridized and washed under stringent conditions (Sambrook et al.,
as described (Hochuli et al., 1987) by binding to nickel columns. 1989) and probed with a 32P-labeled antisense riboprobe.
Recombinant proteins were N-terminally sequenced to confirm their Flow cytometry experiments were performed on cells preincu-
identity and quantitated by PAGE and comparison to known stan- bated in fluorescence-activated cell sorting (FACS) buffer (PBS 1
dards. Endotoxin levels of all proteins were determined by the Limu- 3% fetal bovine serum [HyClone Labs, Logan, UT]), 0.1% azide
lus assay (Whittaker M. A. Bioproducts, Walkersville, MD). (Sigma), and 3% normal rabbit and goat sera (Gibco±BRL, Grand
Island, NY). Fc proteins were added at various concentrations and
Immunoprecipitation of Surface-Labeled Protein detected with phycoerythrin (PE)±conjugated Fc-specific anti-human
CB23 cells (Benjamin and Dower, 1990) were surface labeled using IgG (Rockland, Gilbertsville, PA) in FACS buffer. Cells were washed
125I (Amersham, Arlington, IL) as described (Cosman et al., 1986). and analyzed using a FACScan (Becton Dickinson, Bedford, MA).
Radiolabeled lysates were prepared as described (Cosman et al., The control Fc-protein used in these studies contained the extracel-
1997), and 1±5 mg of Fc fusion protein or antibody was added for lular portion of the p35 protein of VV.
1 hr at 48C followed by extensive washing with phosphate-buffered For binding inhibition studies, A39R.ph or a control ph-containing
saline (PBS) 1 1% Triton X-100. Deglycosylation of precipitated protein was added to cells at various concentrations prior to the
VESPR was performed essentially as described (Haziot et al., 1994) addition of Fc proteins, which were then detected using a PE-conju-
and according to the enzyme manufacturer's recommendations gated Fc-specific anti-human IgG (Rockland) in FACS buffer.
(Genzyme, Cambridge, MA).
Affinity Purification of VESPR Protein Receptor Binding Assays
Direct binding assays were performed using a phthalate oil separa-and Tandem Mass Spectrometry
CB23 cell pellets were suspended in a solutionof protease inhibitors tion method as described (Dower et al., 1984), and 125I-A39R.Fc that
had been radiolabled by a modified chloramine-T method (Hunterthat included 1 mM each PMSF, leupeptin, aprotinin, pepstatin A,
APMSF, and EDTA in homogenization buffer (10 mM phosphate, 30 and Greenwood, 1962; Segal and Hurwitz, 1977). Binding inhibition
Novel Receptor for Virus-Encoded Semaphorins
481
studies on CB23 cells were performed essentially as described to correlate tandem mass spectra data of peptides with amino acid
sequences in a protein database. J. Am. Soc. Mass Spectrom. 5,(Beckmann et al., 1990).
976±989.
Monocyte Purification and Bioassays Ensser, A., andFleckenstein, B. (1995). Alcelaphine herpesvirus type
Peripheral blood from healthy donors was diluted 1:1 in low-endo- 1 has a semaphorin-like gene. J. Gen. Virol. 76, 1063±1067.
toxin PBS. Diluted blood was layered over Isolymph (Gallard and Fujisawa, H., Ohta, K., Kameyama, T., and Murakami, Y. (1997).
Schlesinger Industries, Carle Place, NY) and centrifuged. The Function of a cell adhesion molecule, plexin, in neuron network
plasma layer was reserved and the peripheral blood mononuclear formation. Dev. Neurosci. 19, 101±105.
cell (PBMC) layer harvested and washed to remove the Isolymph,
Furuyama, T., Inagaki, S., Kosugi, A., Noda, S., Saitoh, S., Ogata,and cells wereresuspended in X-Vivo 15 serum-free media (BioWhit-
M., Iwahashi, Y., Miyazaki, N., Hamaoka, T., and Tohyama, M. (1996).
taker, Walkersville, MD). PBMC were seeded in T175 flasks pre-
Identification of a novel transmembrane semaphorin expressed on
viously coated with 2% gelatin (Sigma) and pretreated for 30 min
lymphocytes. J. Biol. Chem. 271, 33376±33381.
with reserved plasma, allowed to adhere for 90 min at 378C, and
Giri, J.G., Ahdieh, M., Eisenman, J., Shanebeck, K., Grabstein, K.,then rinsed gently. Adhered monocytes were then harvested in En-
Kumaki, S., Namen, A., Park, L.S., Cosman, D., and Anderson, D.zyme-Free Dissociation Buffer (Gibco±BRL) and cultured at 5 3 105
(1994). Utilization of the b and g chains of the IL-2 receptor by thecells/ml. Purity of the population was routinely checked by flow
novel cytokine IL-15. EMBO J. 13, 2822±2830.cytometry and was greater than 95%. A39R.ph protein was heat
Goebel, S.J., Johnson, G.P., Perkus, M.E., Davis, S.W., Winslow,inactivated at 1008C for 10 min. The mouse IgG1 A39R-specific mAb,
J.P., andPaoletti, E. (1990). The complete DNA sequence of vacciniam391, was identified as a blocker by inhibition of binding of A39R.Fc
virus. Virology 179, 247±266.to CB23 cells. IL-6 and IL-8 levels were determined using commer-
cially available ELISA kits (R&D Systems). The minimum levels of Hall, K.T., Boumsell, L., Schultze, J.L., Boussiotis, V.A., Dorfman,
detectability were 3.1 and 31 pg/ml, respectively. D.M., Cardoso, A.A., Bensussan, A., Nadler, L.M., and Freeman, G.J.
(1996). Human CD100, a novel leukocyte semaphorin that promotes
B-cell aggregation and differentiation. Proc. Natl. Acad. Sci. USAAcknowledgments
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